We report on the evolution of three groups of gap states (D h ,D z , and D e ) in the charge deep-level transient spectroscopy ͑Q-DLTS͒ spectra during light soaking of undoped hydrogenated amorphous silicon (a-Si:H͒. Recently, correlation between Q-DLTS and electron-spin resonance showed that neutral (D z ) states correspond to neutral dangling-bond defects. The present Q-DLTS spectra demonstrate the annihilation of positively charged (D h ) states above midgap different from dangling-bonds in the early stage of light soaking. The initial decrease of the D h states is not accompanied by an increase in the D z or negatively charged (D e ) states below midgap. Further, we do not observe a direct correlation in light induced changes of all three groups of defect states. Combining our results with findings from recent nuclear magnetic resonance experiments at low temperature and computer simulations of a-Si:H network, microscopic configurations introducing charged gap states are proposed. Positively charged states are related to a complex formed by a hydrogen molecule and a Si dangling bond. Negatively charged states are attributed to the floating bonds. A comprehensive model for the Staebler-Wronski effect ͑SWE͒ is presented, which overcomes a weak point of previous models regarding the origin of mobile hydrogen and provides new insight into complexity of the SWE.
I. INTRODUCTION
Inherent to hydrogenated amorphous silicon (a-Si:H͒ are the reversible changes in electronic properties of a-Si:H under light exposure. This is known today as the StaeblerWronski effect ͑SWE͒. 1 Since the observation of the SWE, a large effort has been put into obtaining an understanding of the processes that cause the structural and optoelectronic light-induced changes in a-Si:H. It is generally accepted that light soaking leads to the creation of additional danglingbond defects. 2 However, many unresolved issues regarding the SWE still remain, such as the exact role of hydrogen, local bonding configurations, and presence of more than one metastable defect. The current developments and open questions regarding the SWE were reviewed by Fritzsche. 2 At present there are two basic approaches to explain the creation of the additional defects in a-Si:H due to light soaking, namely, breaking of Si-Si weak bonds [3] [4] [5] and Si-H bonds, 6 respectively. The first concept was supported with bias-stress experiments, 7 corresponding model, 8 and developed with support of tight-binding molecular-dynamics simulations. 4 The bias-stress experiments showed that the rate-limiting step for dangling-bond creation is the breaking of short, weak Si-Si bonds and not the breaking of Si-H bonds. A network rebonding model by Biswas et al. 4 develops the original concept of weak bond breaking 3 by considering the creation of a ''dangling bond''-''floating-bond'' pair, which is separated via migration of the floating bond. The defect creation is accomplished by annihilation of the floating bond with Si-H bond. This process generates two spatially separated dangling bonds and is accompanied by local rearrangements of silicon and hydrogen atoms. This mechanism resolves the problem of spatial separation of dangling bonds from hydrogen more than 4 Å as was observed by electronspin resonance ͑ESR͒. 9 A model by Powell et al. 5 proposes an alternative resolution of the problem of separation of hydrogen and the dangling bond. The dangling-bond formation originates from breaking Si-Si weak bond and successive stabilization by bond switching of nearby hydrogen from double hydrogenated Si-Si bonds. These hydrogen atoms are located at T d site in all configurations, which means that distance between the dangling bond and hydrogen complies with the ESR results. The second approach, represented by the hydrogen collision model by Branz, 6 interprets the spatial separation by a long-range diffusion of mobile hydrogen, which is excited from Si-H bond. The mobile hydrogen diffuses until eventually collides with another mobile hydrogen. The collision results in a double hydrogenated silicon bond and two isolated dangling-bond defects. The main difficulty of the collision model is the breaking of strong Si-H bonds (ϳ3 eV), which cannot be easily accomplished by nonradiative recombination of photogenerated carriers. A weak point of previous models is the fact that they are not able to interpret experiments, which show rapid changes of the photoconductivity and the mobility lifetime product without observing concurrent increase of dangling-bond defects in the first stage of light soaking. 10 There is no unique relation observed between product and the number of danglingbond defects. [11] [12] [13] These observations clearly indicate that the SWE is not only determined by the creation of danglingbond defects but the presence of different type of charged defects has to play an important role too. Unfortunately, a lack of experimental techniques for direct observation of charged defects is the reason that no obvious origin of charged defects has been presented so far.
In this paper we present experimental data from charge deep-level transient spectroscopy 14 ͑Q-DLTS͒ that reveal a surprising behavior of the gap states in a-Si:H during light soaking. The results of the Q-DLTS experiment show that prior to the creation of the defect states around midgap there is an initial decrease of the density of gap states located above midgap. This observation indicates that in the early stage of light soaking, annihilation of some type of defects takes place. Combining our results from the Q-DLTS experiments with recent results from the nuclear magnetic resonance ͑NMR͒ experiments, 15 ab initio pseudopotential calculations, 16 19, 20 The advantage of the DLTS technique in comparison to other techniques that are used to study the gap states, such as ESR ͑Ref. 21͒ or the constant photocurrent method, 22 is that the raw DLTS spectra give direct information about the energy distribution of gap states ͑EDOS͒. In addition, the DLTS signal is very sensitive to changes in the EDOS. A modification to the DLTS that can be applied to undoped a-Si:H samples is the Q-DLTS. The advantages of the Q-DLTS in respect to other techniques for measuring gap states in a-Si:H and the measurement conditions are described in more detail elsewhere. 23, 24 It was demonstrated that the Q-DLTS spectra of undoped a-Si:H changed as a function of the Fermi-level position in a-Si:H. 23 The authors identified three components in the Q-DLTS spectra with peaks at about 320 K, 390 K, and 430 K. These components were related to three gap-state distributions with peaks at energies of 0.63, 0.82, and 1.25 eV with respect to the mobility edge of the conduction band, respectively. These gap-state distributions were related to positively charged, D h , neutral, D z , and negatively charged, D e , defect-state distributions, respectively, as predicted by the improved defect-pool models. 25, 26 Recent comparison of the Q-DLTS and ESR measurements 24 has proved that the defect-state distribution with the peak at 0.82 eV corresponds to the ESR centers with gϭ2.0055, which were associated with singly occupied dangling-bond defects. The establishment of this correlation has been important for the ''calibration'' of the Q-DLTS spectra with respect to the well-established ESR technique. Simulations of the Q-DLTS spectra, 24 in which the defect-state distributions were calculated using the defect-pool model, 24, 25 clearly related the low-and high-temperature part of the Q-DLTS spectra with the D h and D e states, respectively. Though we argue in this paper that the charged D h and D e gap states do not represent the dangling-bond defects as implied by the defect-pool models, we retain the notation of D h and D e . This notation gives an unambiguous description of positively and negatively charged gap states.
II. EXPERIMENT
We carried out the Q-DLTS experiment on a 1 m thick a-Si:H layer deposited on an n ϩ -type monocrystalline Si wafer. The Q-DLTS directly detects the thermally emitted carriers by integrating the current in the external circuit. For successful Q-DLTS experiments on undoped a-Si:H a very thin insulating layer has to be created in the surface region of a-Si:H. 23, 27 This insulating layer reduces the leakage current of the test structure below 10 Ϫ5 A/cm 2 even at temperature of 450 K, which is negligible with respect to charge transients. A metal-oxide-semiconductor test structure was prepared by evaporation of an Al semitransparent ͑35%͒ top electrode. Prior to each light soaking we created an equilibrium EDOS in the a-Si:H by annealing the structure at a temperature of 500 K for 15 min. Light soaking of a-Si:H was carried out through the semitransparent electrode using a red laser (ϭ633 nm) with 120 mW/cm 2 . This wavelength was chosen to obtain an uniform absorption of the light in the whole a-Si:H layer and to ensure that we observe degradation in the bulk. In one particular case we used white light with a high irradiation intensity of 4 W/cm 2 in order to measure degradation after heavy light soaking. The Q-DLTS spectra were obtained with the biased voltage U b ϭϪ3 V, excitation pulses ⌬Uϭ6 V, and a double boxcar processing at the rate window of RWϭ100 s Ϫ1 ͑charge transient sampled at times 7 ms and 14 ms after the trailing edge of the excitation pulse͒. These conditions enable us to gain the spectra which include transient charge from defect states in the whole a-Si:H layer. Figure 1 shows the measured Q-DLTS spectrum of a-Si:H in the annealed state. The simulated Q-DLTS spectrum along with the contributions of the D h , D z , and D e states and the valence band-gap tail to the simulated spectrum is also included in Fig. 1 . The arrows indicate the peak positions of D h , D z , and D e gap-state distributions translated on the temperature scale in the Q-DLTS spectra. Simulation was carried out with the fitting procedure described in Ref. 24 . The Q-DLTS signal was calculated with a formula, which describes the charge emission from an EDOS without considering spatial changes of the gap states. The Q-DLTS signal is approximately equal to the product of the EDOS and the correlation function of the double boxcar processing, which is integrated over the energy of the band gap. A good matching between the measured and simulated spectra ͑shown in Fig. 1͒ was obtained with the EDOS that is presented in Fig. 2 . The integration was carried out in the energy range from 0.48 eV to 1.42 eV with respect to the valence band edge. The EDOS was calculated using the defect-pool model from 1996 25 and the values of the parameters of the defect-pool model that were fitted are included in Fig. 2 . The simulation of the Q-DLTS signal of a-Si:H in the annealed state unambiguously relate the low-and high-temperature part of the Q-DLTS spectra with the D h and D e states, respectively.
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III. EXPERIMENTAL RESULTS AND SIMULATIONS
The evolution of the Q-DLTS signal measured after light soaking is shown in Figs. 3 and 4 . The Q-DLTS spectrum corresponding to the annealed EDOS is shown by curve 1 both in Figs. 3 and 4 . The Q-DLTS spectra measured after short exposure times ͑up to 30 s͒ obviously indicate that at low temperatures the signal decreases while the rest of the spectra remains unchanged ͑curves 2 and 3 in Fig. 3͒ . The decay of the signal at low temperatures, which reflects the decrease of the D h states, means that some defects are being annihilated. We refer to this part of light soaking as the first stage. We have to stress that only after the initial decay of the low-temperature part of the Q-DLTS spectra, the signal starts to increase at higher temperatures. In the second stage of light soaking we observe an enhancement of the Q-DLTS signal for both D z and D e components, while the lowtemperature part (D h component͒ continues to decrease, as demonstrated by curve 4 in Fig. 3 . It should be noted that when a high light intensity is used in the experiment, the transition between the first two stages of light soaking is difficult to distinguish. In the third stage of light soaking, the Q-DLTS spectra are dominated by an increase of the signal corresponding to the D z states, while the components corresponding to the D h and D e states do not change significantly ͑curves 2 to 4 in Fig. 4͒ . Finally, we recognize the fourth stage of light soaking, in which one can observe an increase of the Q-DLTS signal for both D z and D e components and a shift of the peaks of D z (D e ) components towards a higher ͑lower͒ temperature ͑curve 5 in Fig. 4͒ .
The observed initial elimination of the D h states during light soaking can easily explain the initial drop in the dark conductivity d of a-Si:H as reported, e.g., by Staebler and Wronski. 28 Simulations with the ASA software package 29 confirmed that the decrease of the D h state density, while keeping the densities of D z and D e states constant, naturally leads to a shift of the Fermi level towards the valence band mobility edge. We calculated the shift of the Fermi level due to light soaking for a-Si:H using the equilibrium EDOS as shown in Fig. 2 . The light-soaked EDOS was obtained by decreasing the density of D h states by 20% without changing its energy distribution. This decrease was inferred from the difference in Q-DLTS signal intensity at 320 K between the spectra in the annealed state and after 30 s of light soaking ͑curve 3 in Fig. 3͒ . The mobility gap of a-Si:H was taken to be 1.80 eV and the electron and hole extended-state mobility was 10 and 3 cm 2 /Vs, respectively. The simulations show that the Fermi level drops from 0.78 eV to 0.85 eV with respect to the mobility edge of the conduction band for annealed and light-soaked state, respectively. Such a shift in the Fermi level corresponds to a decrease of the simulated d from 5ϫ10
Ϫ1 to 3ϫ10 Ϫ12 (⍀ cm) Ϫ1 for the annealed and light-soaked state, respectively. It is not possible to achieve such a shift in the Fermi level towards the valence band by increasing only the density of neutral D z states. The simultaneous increase of both the D h and D z state density cannot shift the Fermi level more towards the valence band than in the case of increasing the D z state density alone. This finding is in contradiction with the attempts to explain the 
IV. ORIGIN OF CHARGED GAP STATES
The direct observation that the initial decrease of the D h states is not accompanied by an increase in the D z or D e states is remarkable and has serious implications to understanding of the SWE. This finding suggests that the decrease of D h states is not a transition between two charged states of dangling-bond defects. Further, we do not observe a direct correlation in light-induced changes of all three groups of defects that we identify from the Q-DLTS spectra. Therefore, we believe that we deal with three different types of defects and the question arises which microscopic atomic configurations introduce the D h and D e states. We exclude that impurity atoms such as oxygen or carbon are the origin of the gap states as demonstrated by Kamei et al. 31 and consider only atomic configurations including Si and H atoms to be candidates for introducing the D h and D e gap states. We also rule out Si-H bonds as candidates for the D h and D e states since the Si-H bonds do not introduce states into the band gap.
An alternative approach is to consider a hydrogen molecule as a candidate in forming structural complexes that can introduce states into the band gap. This approach is supported by recent proton NMR and spin echo doubleresonance experiments 15 that give a convincing evidence that in high quality a-Si:H nearly ͑40%͒ of the incorporated hydrogen is in the form of hydrogen molecules. These hydrogen molecules are individually trapped in an amorphous equivalent to a tetragonal T site. Further, first-principles calculations of hydrogen interaction with a-Si by Van de Walle and Tuttle 16 showed that the existence of an overcoordinated complex, ϵSiH 2 , created with two hydrogen atoms placed in the dangling-bond region is possible and can play a role in the defect formation. This complex introduces a deep level in the upper part of the band gap. The additional calculations by Van de Walle and Tuttle 16 indicate that also a configuration, in which a hydrogen molecule is placed close to a danglingbond, is close in energy to the complex with two hydrogen atoms. Being aware of these facts we put forward a proposal that a microscopic configuration, in which an ionized hydrogen molecule forms a hybrid bond with a dangling-bond, introduces energy levels into the upper part of the band gap. These energy levels correspond to the positively charged D h states. We denote this microscopic complex ϵSiuH 2 ϩ . We propose that the defect states below midgap ͑the D e states observed by Q-DLTS͒ are induced by floating-bond defects. Although the floating-bond defects have not been directly observed experimentally yet, their existence has been predicted by several theoretical papers. 4, 17, 18 Peressi et al. carried out ab initio pseudopotetial calculations of the electronic structure in a-Si:H and clearly identified both dangling-and floating-bond defects, which both induced gap states. 17 Recent finite-temperature MDS of a supercell performed by Su and Pantelides, which demonstrate that in the annealed state the a-Si:H supercell contains both danglingbonds and floating bonds, 18 support the existence of floating bonds in a-Si:H. Further, Biswas et al. performed the tightbinding MDS of network rebonding of a-Si:H under light soaking and showed that light exposure caused creation of floating bonds, which induced deep levels into the gap localized close to the valence band. 4 In contrast to Biswas et al., who has not considered floating bonds in the network before light soaking, the Q-DLTS experiments suggest that floating bonds are present in the network already before light soaking, as indicated by the other simulations. 17, 18 
V. MODEL FOR THE SWE
Having attributed the microscopic origin of the charged gap states in a-Si:H, we propose a comprehensive model that describes the complex processes of the SWE. Based on the evolution of the Q-DLTS spectra during light soaking, the model includes the following four stages:
͑1͒ In the first stage of light exposure, the nonradiative recombination of photogenerated electron-hole pairs initiates breaking up of ϵSiuH 2 ϩ complexes. This is a dominant process in this stage and we observe it in the Q-DLTS spectra as the decay of the low-temperature signal. We expect that breaking of ϵSiuH 2 ϩ complexes results in the formation of SiuH bonds and an ionized hydrogen atom. Consequently, most of the released hydrogen traps free electrons and as a result mobile neutral atomic or molecular hydrogen is formed. The reported initial drop in dark conductivity under light exposure 10, 28 is easily explained by the capture of the extended-state electrons by the released hydrogen from the ϵSiuH 2 ϩ complexes. The formation of the additional SiuH bonds is consistent with the increase of SiuH bonds under light soaking, which was observed by the differential infrared absorption measurements. 32 The creation of the metastable defects that originate from breaking of the weak SiuSi bonds [3] [4] [5] is at this stage not significant. ͑2͒ In the second stage of light soaking breaking of weak SiuSi bonds becomes the main process. In this process dangling-bond-floating-bond pairs are created. The creation of these pairs is associated with the increase of the Q-DLTS spectra in the temperature range between 350 and 440 K ͑curve 4 Fig. 3͒ . Dissociation of ϵSiuH 2 ϩ complexes continues at this stage.
͑3͒ There are two main processes at this stage of light soaking, namely, the formation of metastable dangling-bonds and the interaction of mobile hydrogen with floating bonds. The first process is evident in the Q-DLTS spectra as an increase of gap states around midgap ͑curves 2-4 in Fig. 4͒ . We expect that the latter process leads to the formation of electronically inactive local configurations since we do not observe an increase of the D e component in the Q-DLTS signal at this stage ͑curves 2-4 in Fig. 4͒ . A hydrogenrelated complex that has been recently observed in NMR experiments on light-soaked a-Si:H samples 33 is a good can-didate for the resulting hydrogen-floating-bond interactions. This specific hydrogen configuration consists of two hydrogen atoms about 2.3 Å apart and is believed to stabilize the silicon dangling bonds created in the SWE. Hydrogen collision model 6 predicts formation of paired hydrogen complexes in a final metastable state, which we believe can be the consequence of hydrogen-floating-bond interactions, which were proposed to constitute a mechanism for migration of hydrogen in a-Si:H.
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͑4͒ At this stage of prolonged light soaking the main supply of mobile hydrogen, ϵSiuH 2 ϩ complexes, is depleted. There is not enough mobile hydrogen to interact with floating bonds and therefore, the concentration of danglingbond-floating-bond pairs grows. In order to accommodate the stress the local rearrangement of the network leads to the formation of intermediate configurations involving the broken weak SiuSi bonds, which were labeled ''frustrated bonds.'' 34 The formation of intermediate configurations is reflected in the increase of D z and D e states and a shift of the peak of the D z (D e ) component to a higher ͑lower͒ temperature as demonstrated by curve 5 in Fig. 4 .
In this model we propose an alternative source of mobile hydrogen, which is a complex formed by an ionized hydrogen molecule and a dangling bond. Breaking of these complexes does not directly form metastable defects, but leads to a formation of mobile hydrogen. This mobile hydrogen mediates the stabilization of the metastable defects, as proposed in the model of Branz. 6 In accordance with the model of Biswas, 4 the breaking Si-Si of weak bonds creates the metastable defects. Thus, our model combines several crucial aspects of both approaches and does not contradict established experimental results and existing knowledge about the SWE. We assume that hydrogen and floating bonds interact with each other. This requires that these species can migrate through the a-Si network. The mechanisms of hydrogen and/or floating bond transport in a-Si:H under light exposure is still a question of discussion. By breaking ϵSiuH 2 ϩ complex our model offers an alternative source of interstitial hydrogen in a-Si:H, which some models base on the excitation of hydrogen from SiuH bonds. 6 Van de Walle and Tuttle   16 proposed the diffusion mechanism for the interstitial hydrogen. The main idea of the diffusion is the exchange of mobile hydrogen with a SiuH bond via an intermediate state, ϵSiH 2 , in which both hydrogen atoms are equally bonded to the Si atom. Two hydrogen atoms can easily rotate in this configuration. In this way, hydrogen atom, which was originally strongly bound, can approach the next bond center position and diffuse away from the original Si atom. A mechanism for migration of hydrogen was recently simulated by Su and Pantelides. 18 They simulations argue that hydrogen does not migrate as a free interstitial atom. The migration of hydrogen from SiuH bond is initiated by the arrival of a floating bond, which causes the Si atom of the SiuH bond to become overcoordinated. During this process a loose hydrogen-floating-bond complex is formed and the transfer of the hydrogen atom from one Si atom to another is enabled by local motions of surrounding Si atoms. Our results anticipate that both of the mentioned mechanisms 16, 18 might determine long-range transport of hydrogen in a-Si:H.
VI. SUMMARY
The experimental results in this paper show the time evolution of Q-DLTS spectra from the early stage of lightinduced degradation till the development of the dominant peak corresponding to neutral dangling-bond defects. This experiment provides us with evidence that first there is a decrease of defect states in the upper part of the band gap during the early stage of degradation. Since we have not observed a direct correlation in light-induced changes of the three groups of defect states that we identify from the Q-DLTS signal, we argue that we deal with three different types of defects in a-Si:H. Positively charged states above midgap are related to a complex formed by a Si danglingbond and a hydrogen molecule. The origin of the negatively charged states below midgap is attributed to the floating bonds. Our finding provides an important piece of information, which demonstrates new aspects of the SWE and should be taken into account for the explanation of the SWE. We proposed a comprehensive model for the SWE, in which the microscopic atomic configurations representing the charged gap states are included and a new viable source of mobile hydrogen is proposed. The model contains some new aspects, which are not included in the previous microscopic models for the SWE. It logically incorporates recent findings about the existence of hydrogen molecules in T d sites of the amorphous silicon network and the creation of danglingbond-floating-bond pairs. The objective of this paper is to report and explain the processes in a-Si:H due to light soaking. We expect that using Q-DLTS during annealing of lightsoaked a-Si:H we shall recognize the processes that dominate the SWE defect annihilation.
